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Electrodeposition of Cu-SiO2 composite coatings from an alkaline non-cyanide electrolyte containing glutamate as complexing agent
was studied. Silica mesoporous particles were synthesized using a modified Stöber methodology, and later their surface chemistry was
changed by functionalizing them with 3-aminopropyltriethoxysilane. Particles microstructure and morphology were characterized
(SEM, TEM, XRD) and their charging behavior in several electrolytes was studied through ζ -potential measurements. Galvanostatic
deposition was performed in electrolytes containing both as-prepared and functionalized SiO2 at various current densities, and the
influence of ultrasonic irradiation (37 Hz) was evaluated. For some experiments, 1.5 g L− of Polyquaternium 7 were added to the
solution. SEM and XRD were used to characterized coatings morphology and microstructure, whereas EDS was used to estimate
SiO2 wt%. The results showed that the effect of ultrasound on the codeposition process depends on current density and particle surface
chemistry. All the trends observed in this study could be explained taking into account ζ -potential values recorded and previously
reported theories. Adjusting the experimental conditions, it was possible to obtain deposits with SiO2 contents of ≈5 wt%. Finally,
it was found that both ultrasonic irradiation and Polyquaternium 7 affect the morphology and crystal orientation of the deposits.
© 2019 The Electrochemical Society. [DOI: 10.1149/2.0181908jes]
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Composite functional coatings have been gaining relevance in the
last decades due to the fast development of novel technologies which
require high performance materials. Among these, metal-based com-
posites present several attractive characteristics since they combine
the mechanical and physical properties of metals (ductility, high ther-
mal and electrical conductivity) with those of the dispersed phase.
The latter has traditionally consisted in ceramic materials that im-
prove the mechanical properties, such as hardness,1 wear resistance2–5
and lubrication6–8 of the base metal, though some polymeric9 and
even metallic10 particles have also been incorporated. In recent years
these types of composites have proved to be suitable materials for
electrocatalysis,11 energy storage and electronics.12 Hence, these find-
ings indicate that metal-based composites possess a high potential but
many of their applications are still to be discovered.
Composite metallic coatings can be produced using several differ-
ent techniques, which include electrodeposition, powder metallurgy,
thermal spraying and vacuum deposition.12 Despite being one of the
oldest methods to obtain this kind of deposits, electrochemical depo-
sition still stands out among the others due to the simple equipment
required and its low operation costs (no high vacuum or tempera-
tures needed). On the other hand, this technology involves the use of
electrolytes which usually contain hazardous substances, both to the
environment and human health, leading to high treatment and disposal
costs.13,14 This is one of the major drawbacks of electroplating, and
has been the focus of many academic investigations and industrial de-
velopments in recent years.15–21 In particular, lots of efforts have been
put in finding a replacement for alkaline cyanide-based electrolytes
still being used in copper plating industry in some countries.22–24 As
a result, many environmentally friendly electrolytes have been pro-
posed as alternatives to traditional plating baths but the suitability of
these formulations to obtain composite deposits has not been thor-
oughly evaluated. Since particle incorporation strongly depends on
the chemistry of the solution, this kind of studies should be performed
to scale-up the production of functional composite coatings from eco-
friendly electrolytes in the future.
The first report on the preparation of a composite coating through
electrodeposition in 1928,25 triggered a large number of investigations
devoted either to the development of these materials or the understand-
ing of the underlying phenomena. Several metal-particle systems have
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been considered so far,6,7,26–44 of which Cu-based composites are the
ones that have attracted the most interest.33,45–50 The latter is due to
copper’s good corrosion resistance, appearance and high thermal and
electrical conductivity, and the possibility to improve its mechani-
cal properties by the incorporation of particles in the deposit. For
instance, dispersion of a second phase, regardless of its composition,
in the metallic matrix will cause an increase in the deposit hardness
through a dispersion strengthening effect.1,51 Moreover, if particles
like graphite, CNT or PTFE are incorporated, self-lubricating Cu de-
posits with a good tribological behavior can be obtained, which could
be used as a protective coating in car engines.25 Some authors have
even used this methodology to develop copper composites coatings
with specific properties to be used as electrical contacts47 and heat
sinks in integrated circuits.52 Therefore, it is evident that electrochem-
ical codeposition is a versatile technique that allows the production of
novel coatings with special properties.
However, for some metal-particle systems only low incorporation
rates have been achieved.53 The reasons behind this issue are not
entirely clear, probably because the underlying mechanism through
which particles are embedded in the metallic matrix has not been
yet completely unveiled despite the several attempts that have been
made to explain this process.44,54–56 Nevertheless, the results gathered
throughout the years have showed that the incorporation rate depends
on several factors related to particles nature, bath chemistry and depo-
sition conditions,57,58 and thus, many alternatives have been proposed
to increase particle content in the deposit. Among these, the use of
ultrasound (US) during electrodeposition constitutes a promising ap-
proach, which has already proved to be beneficial for the deposition of
various composite coatings.5,53,59,60 Furthermore, cavitation phenom-
ena that take place in the electrolyte when an ultrasonic field is applied
may improve particle dispersion, as well as the electrochemical pro-
cess itself (mass and/or charge transfer phenomena, current efficiency)
and the final coating’s characteristics (crystal orientation, grain size,
surface morphology).61
On the other hand, recent findings indicate that the adsorption of
electroactive species onto particle surface promotes their incorpora-
tion into the growing deposit,62 in agreement with the main postulate
of Celis et al. model.55 This means that high particle content can be
attained adjusting the chemistry of the electrolyte (e.g. additives, pH)
to maximize cation uptake. However, the latter is not always possi-
ble since it might affect the electrodeposition process which, in turn,
could prevent the obtention of good quality coatings. A different ap-
proach, proposed by Terzieva et al.,45 consists in modifying the particle
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surface chemistry instead of changing the bath composition. For their
study, the authors used mesoporous silica particles, which can be eas-
ily functionalized through chemical reaction with siloxanes.63–65 The
latter allows grafting of specific functional groups such as -NH2 or
-SH, with different electronegativity to enhance ion adsorption in a
large variety of electrolytes. It is worth mentioning that despite the
potential of this methodology to achieve higher incorporation rates, it
has not been widely studied.
Based on what has been described in previous paragraphs, the
present work deals with the deposition of composite coatings from
a novel glutamate-based alkaline electrolyte (CuGlu).66 This elec-
trolyte has been recently proposed as an alternative to cyanide-based
copper plating baths, and particle codeposition in this medium has
not been investigated thoroughly. The goals of this investigation are
both to achieve high particle content Cu-based composites and, at
the same time, confirm the importance of the adsorption step in the
electrocodeposition, process providing further insight into this phe-
nomenon. To that end, mesoporous silica particles were synthesized
and later amino-functionalized to improve Cu2+ adsorption. Moreover,
the use of low-frequency ultrasound agitation to improve the incorpo-
ration rate was investigated, an approach which has been scarcely used
but has shown a great potential. Finally, the influence of Polyquater-
nium 7 (P-7), a common brightener used in CuGlu electrolytes, on the
incorporation rate and the deposits properties was evaluated. Particle
content, morphology and crystal orientation of the resulting deposits
were investigated, to determine the best operation conditions to obtain
good quality deposits with high silica content.
Experimental
Particle synthesis and characterization.—Silica particles were
prepared using a variation of the Stöber synthesis proposed by Grün
et al.,67 which mainly consists in the hydrolyzation and condensation
of tetraethyl orthosilicate (TEOS, 99%, Aldrich). The reacting solu-
tion was prepared mixing 50 mL of distilled water, 30 mL NH4OH
(Cicarelli, 28% p/p), 2.5 g of n-hexadecyltrimethylamonnium bro-
mide (CTMABr,98%, Sigma), 75 mL of absolute ethanol (Cicarelli,
99.5%) and 5 mL of TEOS at room temperature to achieve a mo-
lar composition of 1 TEOS:0.3 CTMABr:11 NH4OH:58 ethanol:144
H2O. The resulting gel was kept under stirring at 30°C for 2 h, and
then the obtained solid product was separated by filtration, washed
with water and ethanol several times and dried at room temperature.
Finally, the sample was calcined up to 550°C in air atmosphere for
3 h, with a heating rate of 5°C min− to remove the CTMABr from
the pores. This method yields a monodispersed distribution of spher-
ical SiO2 particles with a hexagonal arrangement of pores with di-
ameters between 15–100 Å, known as MCM-4168 (M41). This name
will be used throughout this work to refer to the as-prepared parti-
cles. A fraction of these particles was functionalized by mixing 1 g
of M41 with 1 mL of 3-aminopropyltriethoxysilane (APTES, 98%,
Sigma) in toluene (100 mL) under vigorous stirring at 80°C for 6 h.
The solid was later filtered and washed with ethanol and water several
times to eliminate any non-reacted physisorbed APTES. This sample
was named MNH2.
Specific surface area (Sg), specific pore volume (Vp) and
pore diameter (Dp) of both samples were determined by N2
adsorption-desorption measurements at −196°C (Micromeritics
ASAP 2020 V1.02 E). The pore size distribution was estimated using
the Barret-Joyner-Halenda method (BJH). X-ray diffraction (XRD)
patterns were recorded to confirm the pore microstructure of M41 ma-
terials. Furthermore, scanning electron (SEM) and transmission elec-
tron microcopy (TEM) were performed to determine particle morphol-
ogy and size.
Zeta-potential (ζ ) measurements were carried out using a Malvern
Zetasizer Nano ZS (ZEN3600) to characterize charging behavior of
particles in different electrolytes. To that end, 10−3 M KNO3 and
10−3 M Na2SO4 were prepared to estimate the iso-electric point (IEP)
and to identify possible interactions between surface groups and SO42−
anions, respectively. In addition to this, ζ -potential was measured in a
diluted CuGlu electrolyte with a 0.01 M Cu2+(CuSO4, 99%) and 0.2 M
sodium glutamate (Glu,2− abcr 99%), both in the absence and the pres-
ence of 0.15 g L−1 Polyquaternium-7 (P-7), a positively charged poly-
mer used as additive later in deposition experiments. The dilution pro-
posed for these experiments is necessary due to the high ionic strength
of the plating solution (see following paragraph) which would other-
wise hinder the determination of ζ -potential values.29 Cu2+ and Glu2−
concentrations were chosen based on equilibria calculation made with
MEDUSA software,69 in order to have the same speciation in both the
diluted and the plating electrolyte. For all these experiments, a particle
concentration of 0.5 g L− was used whereas the pH range considered
was 2–10. The latter was adjusted with KOH and HNO3 for measure-
ments in 10−3 M KNO3 solutions while NaOH and H2SO4 were used
for both Na2SO4 and CuGlu electrolytes.
Deposition experiments and deposits characterization.—The
plating solution used in this study was a 0.2 M Cu2+ and 0.6 M
Glu2− electrolyte with a pH of 8,66 adjusted by addition of KOH.
To this solution, 1.5 g L−of P-7 were added in some tests to evaluate
its influence on the codeposition of silica and copper. Electrodeposi-
tion experiments were conducted using a three-electrode configura-
tion together with a Biologic SP-150 galvanostat/potentiostat. Low-
carbon steel disks with a 0.25 dm diameter were used as substrates,
which were placed in a dismountable RDE leaving an active area of
0.025 dm2. A pure copper disk (0.196 dm2) anode was located at
the bottom of the cell facing the RDE, whereas a saturated Ag|AgCl
(0.197 V vs NHE) electrode served as reference electrode. Steel sub-
strates were degreased with acetone, rinsed with distilled water and
pickled in a H2SO4 1:10 v/v solution at 40°C for 60 s just before
deposition. Cu-MCM deposits were obtained at current densities (j)
in the 1−5 A dm−2range and plating time was adjusted to reach a
5 μm thickness considering a 100% faradaic efficiency.66 Throughout
this study, plating was performed at a temperature of 60°C and with a
particle concentration of 5 g L−.
Experiments were carried out in a 250 mL beaker which was
placed in the center of an ElmasonicP 120 H ultrasonic bath (nominal
power 300 W) with a built-in thermostat, at a controlled depth. To
ensure reproducibility, the volume of plating solution in the beaker
(150 mL) as well as the water level in the bath, were kept con-
stant. Ultrasonic irradiation with a 37 Hz frequency was applied at
nominal powers of 70% and 100%. The latter correspond to power
densities of 1.62 and 2.20 W cm−3 estimated using the calorimetric
method.53,59 Deposition was also performed in the absence of US ir-
radiation (silent) rotating the RDE at 200 rpm to prevent particles
from settling. To properly assess the effect of US on particle incorpo-
ration, the working electrode was rotated at the same speed even in
the presence of US irradiation. Each day, particles were dispersed for
30 min using US (nominal power 100%) prior to any deposition exper-
iment. Moreover, when two experiments in silent conditions were per-
formed consequently, 5 min US agitation was applied to avoid particle
agglomeration.
The surface morphology and the cross-section of the deposits was
examined by scanning electron microscopy (SEM) using a Hitachi
S4800 microscope. The content of SiO2 was estimated using energy
dispersive spectroscopy (EDS) performed on the surface of the de-
posits. XRD patterns were recorded with an X-ray diffractometer
Bruker AXS D 5000 operating with Cu-Kα radiation. The detector
was swept between 10 and 90 ° with a 0.04 ° step and 2 seconds per
step. The preferred crystal orientation of the Cu deposits was assessed










where Ihkl and I0hkl are the diffraction intensities of the crystal plane
(hkl) in the sample and a standard Cu powder sample with random
orientation, respectively. The sum in the denominator only consid-
ers the planes (111), (200) and (220) which are the most important
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Figure 1. (a) SEM image (2500 X) and (b) particle size distribution of M41 particles. The experimental data was fitted to a Gaussian distribution for comparison
purposes (blue line).
ones for Cu (higher intensities) and are relevant for texture analysis.66
Therefore, planes with RTC values above 33% (100/3%) are consid-
ered to be preferred crystal orientations.29
Results and Discussion
The synthesized particles are spherical in shape and present a
monodisperse particle size distribution with an average diameter of
584 nm (Figs. 1a and 1b). The XRD patterns recorded at low 2θ val-
ues (1.5 – 9°) showed a main peak around 2.4° and two small broad
peaks in the 4 – 5° range, which can be ascribed to the characteris-
tic 2D hexagonal arrangement of mesopores of M41 microstructure
(Fig. 2).71 Fig. 3 shows a HRTEM image of these particles, in which
pores with diameters around 3 nm can be clearly observed. These re-
sults confirm that the synthesis process was successful, yielding the
desired material. Functionalization had no effect on M41 microstruc-
ture in agreement with previous studies72 (not shown).
The N2 adsorption results for both types of particles (Table I)
show that functionalization causes a reduction in the specific surface
area, pore volume and pore diameter. This effect has been previously
observed73 and is an indication of the successful attachment of amino
propyl functions to the surface of SiO2 particles. The presence of
Figure 2. Low angle XRD pattern of M41 particles.
Figure 3. HRTEM of M41 sample.
these large molecules inside the pores reduces the available space for
N2 adsorption, leading to a decrease in the aforementioned parame-
ters. Moreover, these organic groups modify the adsorption enthalpy
between N2 and the silica surface, evidenced by a change in the CBET
constant from 95.8 to 39.3.72
Once the particle’s microstructure was determined and the
functionalization confirmed, their surface chemical behavior was
characterized by ζ -potential measurements and Cu2+ adsorption ex-
periments. The surface charge and the adsorption of the electroac-
tive species have been proposed as relevant parameters/steps for the
Table I. Textural properties of SiO2 particles before and after
functionalization determined by N2 adsorption.
Sample Sg/m2 g−1 a Vp/m3 g−1 a Dp/nm b CBET
M41 971.4 0.7 2.4 95.8
MNH2 768.3 0.4 2.2 39.3
aBET method.
bBJH method.
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Figure 4. ζ -potential of M41 and MNH2 particles as a function of pH in
various electrolytes: (a) KNO3, and Na2SO4; (b) diluted CuGlu and diluted
CuGlu + P-7.
codeposition of particles by different authors,54,55 and for that rea-
son these determinations will provide important information for the
analysis of the incorporation behavior of SiO2 particles in CuGlu elec-
trolytes. Figs. 4a and 4b show the variation of ζ -potential of M41 and
MNH2with pH in different electrolytes. In a 10−3M KNO3 solution,
M41 particles were positively charged for pH values below 3.7 due
to protonation of free silanols (-Si-OH),74 in agreement with reported
values of the isoelectric point (IEP) for silica particles.75–77 The func-
tionalization process replaces some -OH groups with aminopropyl
functionalities with a pKa in the 9–10 range, which resulted in a shift
of the IPE to higher pH values (≈8.6) (Fig. 4a). Similar trends were
observed for both particles in a Na2SO4 solution, without a signifi-
cant variation in the IEP. However, for MNH2 the presence of SO42−
ions reduces the magnitude of ζ -potential for pH values in which the
particles have a net positive charge (i.e. pH < IEP). The latter can
be ascribed to the adsorption of sulfate ions on the positively charged
surface through an electrostatic interaction, as has been previously re-
ported for other materials.29,75 It is worth noting that this ion (SO42−)
is present in high concentrations in the plating bath and its role in
the charging behavior of particles must be known to understand their
surface chemistry.
In a diluted CuGlu electrolyte M41 particles showed a negative ζ -
potential in the whole pH range studied. At pH < 3.7 (IEP measured
in KNO3) negative glutamate species (HGlu−)78 may adsorb on the
positively charged SiO2 surface, changing the sign of the net charge
on the particle’s surface. As the pH of the solution was shifted from
Table II. Electrode potential registered (saturated Ag/AgCl)
during galvanostatic experiments.




aReported values are an average of the recorded potentials during de-
position experiments at a given j.
bThis value corresponds to the EPZC of a Cu electrode in a CuGlu
electrolyte with pH = 8 and was taken from Reference 63.
IEP to higher values, a decrease in ζ -potential was observed as was
observed in KNO3 or Na2SO4 electrolytes. This is probably the result
of both silanol deprotonation and further glutamate uptake. Moreover,
according to Vlasova79 Cu2+ adsorption on SiO2 occurs at pH above
5.5, which is likely to affect the magnitude of the ζ -potential but does
not change the sign of the net surface charge.
In contrast, positive ζ -potentials were registered for MNH2 in a
diluted CuGlu up to pH ≈8.8 (Fig. 4b), as was observed in KNO3
and Na2SO4 electrolytes (Fig. 4b, IEP = 8.6).Between 2 < pH <
3.5 a virtually constant ζ -potential was observed, which was lower
than the values measured for the same particles in other electrolytes
(Fig. 4a). This can be attributed to the adsorption of both SO42− and
HGlu− through an electrostatic interaction with NH3+ at the surface of
functionalized silica. As pH was increased from 3.5 to 6.5, a rise in ζ -
potential was observed which might be the result of copper-glutamate
complexes formation at the surface of the particles through a reaction
like the one depicted in Eq. 2. It has been proven that Cu2+ uptake
on amino modified silica is already significant at pH = 564 and that
glutamate can enhance copper adsorption on alumina through the for-
mation of ternary surface complexes, even in acidic conditions.80,81
Therefore, it is plausible that Cu2+ adsorption from a CuGlu solution
starts taking place at a pH ≈ 3.5. According to the proposed mech-
anism (Eq. 2) negative charges on the surface of MNH2 (adsorbed
anions) would be progressively replaced by neutral species as pH in-
creases, leading to a small increase in the net surface charge. It should
be mentioned that despite adsorption of either Glu2− or complexes,
the sign of the surface charge is still governed by NH2 protonation
(positive ζ -potential). A further increase in pH yielded a decrease in
ζ -potential, which became negative for pH > 8.8 due to deprotona-
tion of NH3+and SiOH that did not react during the functionalization
procedure.
SiO − Si(CH2)3NH+3 + Cu2+ + Glu2−
→ SiO − Si(CH2)3NH2 − CuGlu + H+ [2]
Finally, measurements performed in the presence of P-7 showed that
this additive adsorbs on both particles only for pH > IEP, conditions in
which their surface has a net negative charge. Taking into account that
P-7 has positive charges in its structure, an electrostatic interaction
between this polymer and particles is likely to take place leading to a
change in the sign of ζ -potential in this pH range.
Fig. 5 shows the incorporation rate of M41 and MNH2 particles in
the presence and in the absence of P-7 at different experimental con-
ditions, where it can be clearly seen that functionalization improves
particle incorporation. In general, particle content decreased as cur-
rent density was raised, although deviations from this behavior were
observed for functionalized SiO2 in the presence of P-7 (Fig. 5b).
The influence of j on the amount of SiO2 registered is in agreement
with previously reported results29,42,82 and has been explained in detail
somewhere else.56,62 Briefly, as current density increases, the electrode
potential (E) shifts away from the potential of zero charge (EPZC)
(Table II) favoring the interaction between the electrode and water
molecules. This results in a strongly attached hydration layer which
hinders particles from reaching the electrode surface, leading to lower
incorporation rates.
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Figure 5. SiO2 content (wt%) of Cu composite coatings obtained from a CuGlu plating bath without and with 1.5 g L− of P-7 under (a) silent conditions and
applying (b) 1.62 W cm−3 and (c) 2.20 W cm−3 US irradiation. Results for both M41 and MNH2 are shown.
For M41 sample, ultrasonic irradiation significantly promoted par-
ticle incorporation at j = −1 A dm−2 making it possible to obtain
deposits with a content of SiO2 five times larger than in silent con-
ditions (Fig. 5c). However, this beneficial effect was not observed at
higher current densities and the results even suggested that US may
reduce the number of particles in the coating. A possible explanation
for this behavior relies on the fact that even though US irradiation
enhances particle flux toward the electrode, it would also tend to re-
move particles that are loosely adsorbed on the surface of the electrode.
Hence, at low current densities, i.e. low E- EPZC, it is likely that particle-
electrode interactions are strong enough for the particle to remain at the
electrode surface and eventually be embedded in the growing deposit.
Addition of P-7 to the plating bath caused a considerable decrease
in the amount of SiO2 regardless of deposition conditions. Since P-7
adsorbs on M41 particles surface (see Fig. 4b), it blocks active sites
which might have interacted with Cu2+or Cu2+-Glu2- complexes oth-
erwise. Thus, Cu2+ adsorption is hampered under these conditions,
which leads to lower incorporation rates.55,62
When functionalized particles were added to the solution, a higher
content of SiO2 in the deposit was obtained for most experimental
conditions, which suggests that the presence of amino groups at the
particle surface enhances Cu2+ uptake. Nevertheless, for these parti-
cles US irradiation had a negative effect on the codeposition of Cu and
SiO2 both in the absence and presence of P-7. This behavior can be
attributed to the agglomeration of MNH2 particles in the electrolyte
as a consequence of their low surface charge in this medium (Fig. 4b).
Hence, particles have a larger effective size than not functionalized
M41 (as shown in Fig. 6) and are more prone to be removed from the
electrode surface by the shear forces induced by US. Moreover, bigger
particles have a greater tendency to settle, moving away from the elec-
trode and reducing the particle concentration at the surface. Finally,
addition of P-7 to the solution had no clear effect on the incorpora-
tion rate, since a slight decrease in SiO2 content was observed in silent
conditions while a small increase was registered at 2.20 W m−3. These
results are consistent with ζ -potential measurements, which showed
that this additive has a negligible effect on MNH2 particles surface
charge at pH = 8. Therefore, these variations could stem from P-7
adsorption as well as uncertainties in the SiO2 wt% determination.
Regarding coating morphology, US irradiation promoted the for-
mation of nodules on the surface of the deposit only at low j values and
suppressed the formation of cracks (Fig. 7), a common feature of Cu
deposits obtained from CuGlu electrolytes.66 However, if the content
of silica in the deposit is high no nodules could be detected even at
an ultrasonic power of 2.20 W m−3. It is possible that particles act as
additional nucleation sites avoiding the growth of large nodular struc-
tures. The aforementioned effects were not observed for higher current
densities, in agreement with results obtained by Camargo et al.53 Like-
wise, a cracks-free nodular morphology was observed after addition
of P-7, in silent conditions for the whole j range considered in this
work (Figs. 8). Under these conditions, application of US prevented
nodule formation, yielding smooth surfaces. Finally, it is noteworthy
that current density had no significant effect on coating morphology.
To evaluate the effects of the deposition parameters on microstruc-
ture and crystal orientation, the XRD patterns of the coatings were
recorded for 2θ values between 10 – 90°. Figs. 9a, 9b and 9c show the
changes in RTC(hkl) values induced by US irradiation and current den-
sity for samples obtained from electrolyte containing MNH2. It can be
seen that under silent conditions, deposition takes place preferentially
following the <111> direction regardless of current density, lead-
ing to RTC(111) values of about 50%. Even though a rise in j slightly
reduced RTC(111) and increased RTC(200), the preferred crystal ori-
entation remained unchanged. Similar results were obtained for pure
Cu deposits electrodeposited from a CuGlu electrolyte.66 The data in
Fig. 9 also indicates that US irradiation promoted the development of
a (220) texture at low j. This change in the preferred crystal orienta-
tion becomes more significant as US power is increased, reaching a
Figure 6. SEM images (5000 X) of Cu-SiO2 composite coatings deposited at j = −1 A dm−2 and: (a) 2.20 W cm−3 US irradiation with M41; (b) silent conditions
with MNH2.
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Figure 7. SEM images (1000 X) of deposits obtained j = −1 A dm−2 from a bath without P-7 containing MNH2: (a) silent and (b) 2.20 W cm−3 US irradiation.
Figure 8. Morphology of Cu-M41 coatings deposited at j = −2.5 A dm−2 and silent conditions (a) in the absence and (b) the presence 1.5 g L− of P-7 (1000 X).
RTC(220) of 92.6% at 2.20 W cm−3. However, at higher current densi-
ties no considerable influence of US in coatings texture was detected,
which is consistent with results previously reported by Camargo
et al.29 This behavior could be attributed to modifications in the crystal-
lization mechanism caused by the presence of ultrasonic waves in the
electrolyte. The latter would provide additional energy which might
allow adatoms to relocate in the growing surface. Nevertheless, this
could only happen if the number of adatoms is rather small at a certain
time so there is available space on the surface for them to move freely.
At high deposition rates, adatoms are generated at a higher pace and
thus relocation may be hampered, which in turn would limit the effect
of US in crystal orientation.
Figure 9. Effect of current density and US irradiation on crystal orientation of deposits obtained (a, b, c) in the absence and (d, e, f) the presence of P-7. In all
cases, MNH2 particles were used.
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Addition of P-7 to the plating bath led to a sharp increase in
RTC(220) at j = 1 A dm−2 even for silent conditions (Fig. 9d), but
has no meaningful effect on texture for higher current densities. Con-
sidering the additives usually adsorb on metal surfaces in a narrow
potential range,83 this behavior is not unexpected. Finally, it is worth
mentioning, the same trends were observed when M41 particles were
used and thus are not shown in the present work. However, since differ-
ent particle contents were attained at the same experimental condition
for both kinds of particles, it can be concluded that SiO2 incorporation
has virtually no effect on crystal orientation of the deposits.
Conclusions
Cu-SiO2 composite coatings were prepared using an alkaline non-
cyanide electrolyte and synthesized mesoporous M41 particles. Rel-
atively low particle contents were achieved when deposition was car-
ried out in silent conditions at various current densities. However, the
incorporation of SiO2 was significantly enhanced by application of
37 Hz ultrasonic irradiation making it possible to reach silica contents
of 5.2 wt%. This beneficial effect of US was only observed at low
j, conditions at which the particle-electrode interactions are stronger
allowing particles to be embedded in the growing matrix.
Functionalization of M41 particles with aminopropyl groups led
to a significant change in the incorporation behavior. First, the amount
of codeposited SiO2 in silent conditions was considerably larger than
the one obtained with not functionalized particles. Moreover, in this
case US irradiation led to a decrease in the incorporation rate. These
differences were ascribed to changes in the surface charging behav-
ior, and probably Cu2+ adsorption, induced by the presence of amino
groups at the surface of functionalized SiO2 particles. However, fur-
ther studies are necessary to fully understand the trends observed in
this work. Likewise, the effect of P-7 on particle content depended on
the surface chemistry of silica particles.
Besides influencing the codeposition process, US irradiation and
P-7 induced variations in the morphology, avoiding cracks formation
and promoting nodular growth. However, a synergistic effect between
these parameters was observed since smooth surfaces were attained
in the presence of P-7 under US irradiation. Finally, it was found
that at low current densities both P-7 and US changed the preferred
crystal orientation from (111) to (220) but no visible effect at
j > 1 A dm−2 was observed.
Based on these results, it can be concluded that deposition of com-
posite Cu-SiO2 coating from a CuGlu electrolyte is feasible. Neverthe-
less, plating parameters (current density, US irradiation, mechanical
agitation) as well as particle surface chemistry should be optimized in
future investigations. Furthermore, surface functionalization of parti-
cles proved to be a great strategy to reach high incorporation rates and
should be explore in other metal-particle systems.
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